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lIntroduction
Overthelastdecades,twoapparentlyindependentfieldsofBiology,Evolutionand
ArtificialIntelligence(ＡＩ)becameincreasinglycloser､AsaresultofthistheNeural
NetworksapproachwasbornandtheComputationalNeurobiologyanditsapplication
tothefieldofautomaticcontrolisbecomingmoreandmoreimportantwiththeability
tocarryoutnear-globaloptimizationonanyproblemforwhichanobjectivefunction
canbedefined1)．OneofthemainitscontributionsisintheSystemldentification，
Learning,andAdaptiveControl2'3)．
However,despiteoftheprogressinthefieldandnumerousexamplesofremarkable
successtherearesomegrowingsignsoffrustrationsanddisappointmｅｎｔｓｗｉｔｈｉｎＡＬ
ＡＩｓｙｓｔｅｍｓｈａｖｅｎｏｔｇｏnewellbeyondthelimiteddomainstowhichtheyhavebeen
successfullyappliedTheirproductivitydependｓｖｅｒｙｍuchontherestrictionsand
boundariesdefinedbytheirdesignersandtheybecomemuchbrittleincaseofconsider‐
abledeviationsintheenvironmentの．
Consideraproblemlikedesignofacontrolsystemfora“plant'，whichhaveto
accomplishsome“openended，，ｔａｓｋｉｎａｃｏｍｐｌｅｘ，dynamic，unpredictableenviron‐
ment・Theremightexistssomegeneralinformationaboutthecharacteristicsofthis
environmentbutthisinformationcannotbeconsideredａｓａｃｏｍｐｌｅｔｅｏｎｅｉｎａｎｙｓｅｎｓｅ・
Thenthesystemtobedesignedmustbecapabletomodifyitsbehavioralrepertoirein
orderbestfititselftotheconcreteenvironmentinwhichitfunctionslnotherwords，
ｂｅｃａｕｓｅｉｔｈａｓｓｏｌｉｔｔｌｅａｍｏｕｎｔｏｆｉｎformationabouttheenvironmentinwhichthe
systemhavetofunction，suchasystemmustpossessveryhighlevelofrobustness・
Evolutionsuggestsonlyonesolutiontosuchproblem-nervoussystem・
Partiallyinspiredby4)and5)thispaperpresentsmanyfeaturesandfurtherdevelop
mentsinordertodevelopaneurocontrollerfullyadaptabletounpredictablychanging
environment・Ａｂｉｇｐａｒｔｏｆｔｈｉｓｓｔｕｄｙｉｓｄｅｖｏｔｅｄｔｏthedesignofanervoussystemfor
controllingthebehaviorofasimulatedmovingobject（insect)，butthedeveloped
nervoussystemcanbeappliedsuccessfullytomanyothercontrolledobjectsWe
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believethatthepresentapproachmighthaveawideapplicationinthefieldofadaptive
controlandrobotics,especiallyfordesignofautonomousrobotsystemsThedesignof
theinsectisbasedonseveralworksonneurobiologicalbasisandAI(somegiveninthe
Bibliography)．
Thenextsectionpresentsbrieflysomepreliminariesandassumptionsuponthe
design・Thebasicbehaviorsofanautonomousagentareclassifiedandbriefintroduc‐
tiontoneuralcircuitsisgivenaswelLThebasicmodeloftheneuronsusedtodesign
thesystemispresentedｉｎＳｅｃｔｉｏｎ３１ｔｅｘｐｌａｉｎｓｔｈｅａpproachusedtodesignthe
controllersoftheartificialinsect,too､Section4presentsthestructureofthedesigned
objectandsomesimulationresults,andinthelastparttheconclusionsandfurther
goalsandproblemstobesolvedarediscussed．
２Nervoussystems
lnordertodevelopamodelofaninsectitsbehavioralpatternsshouldbechosenas
closeaspossibletothepatternsofareallivingorganism・Thosepatternscanbe
classifiedstartingfromthemostbasiconeas:'9ビル[’０池伽加〃，neSPo"SBS,戯e`-αc加〃
，α娩池S，”0"ＭＵ‘Mbcz伽ｿqMmZPZZz肋"，zzsSOC航zﾉｅ化α”ﾉﾂZgMl"‘んz花"ノノBzz”/,Zg5)．
Generallythenervoussystemconsiｓｔｓｏｆｔｗｏｔｙｐｅｓｏｆｎｅｕｒｏｎｓ:Ｓｃ"SODノ〃e"わ"ｓα”
,ＣＭＤγ〃e"わ"s・Theformerrealizetheconnectionbetweentheexternalenvironment
andtheinsect，snervoussystem，thelatertransformtheelectricalsignalsfromthe
sensorstoappropriateactionsofthebody・
Thefollowingassumptionsaremade：
（a）applyphysicallawstotheinsect,likephysicalrestrictionstomovementsand
energyuseThesimulationenvironmentissemi3dimensional:theinsecthasits
centerofgravityａｎｄｃａｎｆａｌｌｏｎｉｔｓｂａｃｋ．
（b）applybiologicallawstotheinsect:implementsuchfeaturesoftheneuronslike
plasticity,modelingofelectrochemicalactivitiesem
2.1Sensoryneuronsandmotorneurons
Sensoryandmotorneuronsaretoconnectthenervoussystemtothestateofthe
bodyinwhichitisembeddedandtotheouterenwronment・Thesensoryneuronhasan
intrinsiccurrentwhichisafunctionoftheamountofthephysicalstimuluswhichthe
neuronreceptorsenses・Threetypesofthesensoryneuronsareconsidered:Che腕o形Ce‐
Ｐｍ畑加ｃｃﾉbcz"o形cGPm畑ａｎｄｅ"eligDﾉＳｃ"soγ・Thechemoreceptorsareembeddedinthe
antennaeandthemouthandaresensitivetothestrengthofodors・Themechanorece
ptorsareembeddedｉｎｔｈｅｍｏｕｔｈａｎｄａｒｅｓｅｎｓｉｔｉｖｅｔｏｔｈｅpresenceofthefooddirectly
beneaththemouthTherearealsomechanoreceptorsintheantennae，whichare
sensitivetothedeflectiｏｎｏｆｔｈｅｔｉｐｏｆｔｈｅａｎｔｅｎｎａｅ・Theenergysensormeasuresthe
amountofenergythebodypossesses・
Threetypesofmotorneuronsareusedandtheycontrol:１)openingofthemouth,２）
Thefootｕｐ/downstate,ａｎｄ3)thelegforwardandbackwardswingforcesandlateral
extensionforces．
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２．２Neuralcircuits
EvenasingleneuronisabletoperformcomplexprocessingtasksHowever,most
neuralcomputationsareperformedbynetworksofneurons,called〃e"、/ｃ舵"/ね.A
naturalquestionishowarethesecircuitsorganizedtosupportandperformthe
behavioralpatternsdiscussedinthebeginningofSection2・
Thereflexesaremainlyconnectionsbetweensensoryneurons,whichrecognizethe
stimulusandmotorneuronswhichexcitearesponse・Suchconnectionsarecapableof
onlyrudimentaryresponsesbutwhentheyaffectotherreflectorycircuitsmore
complexreactionscanberealized
Morecomplexbehaviors(egwalking,ｓｗｉｍｍｉｎｇｅｔｃ.)requiregenerationoffixed
actionpatternsManysuchbehaviorshaverhythmiccharacteristicsandfortheir
accomplishmentareusedneuralcircuitscalledce"伽ノＰα娩痂解"e、ねた（CPG)．
MainlytwotypesofCPGareknown:，ace腕αﾙc活andoscjﾉﾉﾋz加だ.Thepacemakershave
intrinsicdynamicsbyvirtueofwhichtheyproducerhythmicbursts・Theoscillatorsare
neuroncircuitswhichgeneraterhythmicpatternsduetointeractionsbetweenthe
memｂｅｒｓｏｆｔｈｅｃｉｒｃｕｉｔｎｏｎｅｏｆｗｈｉｃｈｉｓｃapabletogenerateautonomously・
InmanysituationsadeciSionhavetｏｂｅｍａｄｅｗｈｅｔｈｅｒｏｒｎｏｔａｃｅｒｔａｉｎｐａｔternor
behaviorbegeneratedThisisrealizedbycommandcircuitswhichactivatethe
appropriatepatterngeneratorcircuitryonlywhenapropersensoryinformationis
present．
２．３Nervoussystem
lnordertoaccomplishthecontroloftheentiresystemtheindividualneuralcircuits
havetobeorganizedinasinglenervoussysternOneofthemaintasksthenervous
systemhastosolveisthecoordinatingtheconflictingactionsbetweentheneuron
circuitsForexamplｅｗｈｅｎａｂｕｇｉｓeatingandisattackedbyanenemy,then,first,the
appetitivecircuitshavetobesuppressedandsecond,adecisionwhetheritwillflyor
runｈａｖｅｔｏｂｅｔａｋｅｎ・Theremustexistamechanismforselectingthecircuitrespon‐
sibleforanyoftheseincompatibleactionslnsomecasesthepatterngeneratorforone
actionsuppressestheactivityofthepatterngeneratorfortheotheractionlnothers，
thehighprioritycircuitdoesnotdirectlysuppresstheotherbuttheymightbeintercon‐
ｎｅｃｔｅｄｉｎｓｕｃｈｗａｙｔｏｓｈａｒｅｃｏｍｍｏｎｎｅｕｒｏｎｓａｎｄｗｈｅｎｔｈｅｏｎｅｏｆｔｈｅｐａｔｔｅｒｎ
generatorsisactivethesecondonemightnotbeabletofunction,Itispossiblethatthe
patterngeneratorforonebehaviordoesnotdisabledirectlytheother，butinstead
blocksitspathwaytothesensoryand/ormotorcircuitry・Itisalsopossibletohavea
combinationfromtheabovethreeways,aswehavedoneinthesynthesisofthesystem
inthisstudy．
３Theneuronmodel
Themodelneuronemployedinthispaperismorecomplexｔｈｅｎｔｈｅｎｅｕｒｏｎｓｅｍ‐
ployedinartificialneuralnetworｋｓＳｉｍｉｌａｒｌｙｔｏｔｈｅｎｅｕｒｏｎｓｕｓｅｄｉｎｔheartificial
neuralnetworks，itsimplifiesmanydetailsofactionpotentialgenerationandsome
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complexitiesofsynapticanddendriticinteractionsHowever,theinput-outputcharac‐
teristicsofitareclosetothemorerealisticmodels(e､９.themodelsgivenin6'7)).The
modelneuronhereissimilartotheHopfield'scontinuous,deterministicmodel,includ
ingthepassiveRCcharacteristicsofthecellmembrane8).However,itdiffersfromthe
Hopfield，smodelinthechoiceoftheinput/outputfunction,itstime-dependentprop
erties,andtheexistenceofnonuniformityofitselementsandtheirinterconnections
Theinput/outputfunctionofthemodelneuronisasaturationlinearthresholdfunction
withaninitialjumpdiscontinuityTheinput/outputfunctionhasthreemaincharacter‐
istics：thethresholdvoltageatwhichtheneuronbeginstofire，theminimumfiring
frequency,ａｎｄｔｈｅｇａｉｎ
Ｏｎｅｏｆｔｈｅｍａｉｎｄｉｆｆｅｒｅｎcesbetweentherealnervecellsandtheneuronsemployed
intheartificialneuralnetworksistheirintrinsicdynamicsThenervecellspossessa
widevarietyofactiveconductanceswhichcausespontaneousactivitiesandcomplex
time-dependentresponsestoinputsFullyignoringsuchpropertiesinbuildingthe
neuralmodelwouldproduceanalmostconnectionistmodelnotapplicabletotｈｅ
currentapproachBecausethedetailedmodelingoftheactiveconductaｎｃｅｓｉｓｎｏｔａ
ｓｉｍｐｌｅｔａｓｋｓｏｍｅｏｆｔｈｅｉntrinsicpropertiesofthenervecellarerealizedbyaddition
ofintrinsiccurrentsinthemodelsynapse(Fig.１).Theseintrinsiccurrentsarestatic
functionsofthemembranepotentiａｌｏｒａｒｅｄｅｓｃｒｉｂｅｄｂｙｔｈｅｉｒｏｗｎｄｉｆｆerentialequa‐
tions
ThepassiveRCpropertiesofthecellmembranearealsorepresentedThenerve
cellshavetheabilitytosumtheirinputcurrentsFiringofｏｎｅcellcausescurrentsto
flowthroughthemembraneofanothercelLThecellsareconnectedbyweighted
synapsesandtheweightscanbethoughtofasresistorsHowever,ｔｈｅｗｅｉｇｈｔｓｉｎｔｈｅ
ｍｏｄｅｌｎｅｕｒｏｎａｒｅｆunctionsfrompresynapticfiringfrequencyandthepostsynaptic
currents・
ThemodelneuronisshowninFig・LTheneuroncurrentsare：
lntrinsic
胚 ＝■
二ⅡⅡロ
Ｖ
FiglThemodelneuron
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ｃｖ２【I:ｉｌＬＺ⑳"川(i'w)）（１）
〃Ｅ，だび(Ⅳ）
＋ＺＩＬ(`川('))+血`-Ｍ)c〃
ＬＥｍｔ７(Ⅳ）
ｗｈｅｒｅＱ,isthemembranecapacitanceofneuromV，１/1V(ｔ)isthemembranepotential，
P”zﾉＵＶ）ｉｓｔｈｅｓｅｔｏｆｎｅｕｒｏｎｓｗｈｉｃｈｆｏｒｍｔｈｅｓynapsesofneuronZV，の｣Mwisthe
strengthoftheconnectionfromMto1V,凡（1/Ｗ))isthefiringfrequencyofM,”が
Ｗ)isthemagnitudeoftheintrinsiccurrentL,ZbxZistheexternalcurrentinjectedin
neuronjV，ＧⅣisthemembraneconductanceofneurｏｎｊＶ・Theleftsideoftheeq.(1)
isthenetinputcurrent，ｔｈｅｒｉｇｈｔｓｉｄｅｉｓａｓｕｍｏｆｔｈｅｓｙｎａｐｔｉccurrents，intrinsic
currents,ｅｘternalcurrent,andleakcurrent,respectively、
Thenervoussystemisrepresentedbycoupledsetsofequationslikeeq.(1).These
equationsareintegratednumericallywithafixedtimeintervalｏｆｌＯｍｓＲｅｓｐｏｎｓｅｏｆ
ａｔｙｐｉｃａｌｍｏｄｅｌｎeurontoexternallyinjectedcurreｎｔｉｓｓｈｏｗｎｉｎＦｉｇｕｒｅ２Ｅｖｅｒｙ
ｎｅｕｒｏｎｈasatleastfiveparameters:membraneconductance,membranecapacitance，
minimumfiringfrequency,thresholdvoltage,andgainMorecomplexneurons，like
pacemakersandrandomburstershaveadditionalparameters：twointrinsiccurrents
whosedurationandmagnitudeisgiven、Functionswhichgivethedurationofan
intrinsiccurrentattimejarｅｓｐｅｃｉｆｉｅｄｉｎｔｅｒｍｓｏｆｔｈｅｓｔｅａｄｙｓｔatethemembrane
wouldreachifthei､putcurrentisheldconstantattiｍｅｔ.Thesensoryneuronshave
anintrinsiccurrent，whichamplitudeisproportionaltotheamountofaphysical
quantity､Ｔｈｅmotorneuronstransferthefiringfrequencytosomephysicalquantity．
３.lApacemaker
Pacemakersareemployedinvariousneuralcontrollers・Thepacemakercellhasthe
followingcharacteristics:(1)whenitissufficientlyhyperpolarizeditissilent,(2)ｗｈｅｎ
itissufficientlydepolarized，itfirescontinuously，（３）betweenthistwostates,it
rhythmicallyproducesaseriesofrelativelyfixeddurationbursts,andthelengthofthe
intervalbetweenburstsisacontinuousfunctionoftheinjectedcurrent,(4)atransient
depolarizationwhichcausesthecelltofirebetweenburstscanresetthebursting
rhythm,ａｎｄ(5)atransienthyperpolarizationwhicｈｐｒｅｍaturelyterminatesaburst
canalsoresettheburstingrhythm9)．
Thesecharacteristicsofthepacemakercanberealizedwiththeabovemodelneuron
byintroducingoftwointrinsiccurrentsThefirstone(Zh-highcurrent)isadepolariz‐
ingcurrent，whichtendstopullthemembranepotentialabovethethreshold・The
secondone（ZL-lowcurrent）isahyperpolarizingcurrent,whichtendstopullthe
membranepotentialbelowthethresholdThesecurrentsaremanipulatedaccordingto
thefollowingrules:(1)ZMstriggeredwheneverthemembranepotentialgoesabove
thresholdorLterminates,anditthenremainsactiveforafixedperiodoftime,(2)L
istriggeredwheneverLYterminates,anditthenremainsactiveforavariableamount
oftimewhosedurationisafunctionofthesteadystatemembranepotentiaL
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Theresponseofamodelneuron・Thebottomtraceshowsthemagnitudeoftheinjected
curTent・Currentsof-2,2,4,6,8,andlOnAareinjectedatlOmsintervalforlOOmseachThe
middlegrapfshowsthemembranepotentiaLThethresholdvoltageisdrawnwithdottedline・
Thetoptraceshowstheoutputfirinｇfrequencyoftheneuron・Theneuronparametersare
GA,＝0.5匹Ｓ,Ｇ１＝10ﾉｕＦ,gain＝0.1ｍＶ-1
Fig.２
3.2Compoundsynapses
Insomecasesitisnecessaryoneneurontomodifytheeffectthatasecondneuron
hasonathirdThiscanberealizedbycompoundsynapse，inwhichoneneuron
synapsesontheconnectionbetweentwoothers(Fig.３).Weareusingheretwotypes
ofcompoundsynapses:gzzね‘ａｎｄ池ｏｃﾉＭｚ蛇‘synapses・Agatedsynapseisonethatcan
beswitchedonandoffbycurrentsinjectedfromothersynapses・Amodulatedsynapse
isonewhosegaincanbecontinuouslyadjustedbyothersynapticcurrents、Both
compoundsynapseshavemodifiedsynapticcurrentterm(seeeq.(1)),ｎａｍｅｌｙｃｊ皿jvEw
■
■
■
■
ＵＵＵＯＵ
′－１ 、
■■
■■
￣
■■
■■
巴
Ｌ－ｌＬ」Ｌ」Ｌ」し
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(J/Ｗ))Forgatedsynapsesthistermtakestｈｅｆｏｒｍ：
（Ｕ＋IC)１s
whereListhestandardsynapticcurrent,Uistheungatedstateofthesynapse(ｌｆｏｒ
ｏｎｏｒＯｆｏｒｏｆｆ),andListhesynapticcurrentfromthegatingsynapse、
Inmodulatedsynapsetheabovetermtakesthefollowingform：
(1＋４)IbifIj`＞０
丁｡｣}｝万｢ifLw<0
whereListhestandardsynapticcurrentand4isthesynapticcurrentfromthe
modulatorysynapse
４SimulationEXperiment
4・lPhysicalmodel
ThebodyoftheobjectdesignedforthesimulationintｈｉｓｓｔｕｄｙｉｓｓｈｏｗｎｉｎＦｉｇ４・
Theinsecthassixlegs・ＥａｃｈｌｅｇｃａｎｂｅｕｐｏｒｄｏｗｎＷｈｅｎｔｈｅｌｅｇｉｓｕｐｉｔｃａｎｏｎｌｙ
ｓｗｉｎｇｂａｃｋｏｒｆｏｒｗａｒddependingondirectionofwalking・Ｗｈｅｎｔｈｅｌｅｇｉｓｄｏｗｎｉｔ
Fig.３Acompoundsynapse
Fig.４Thephysicalmodeloftheinsect
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appliesaforcebetweenthefootandthebodywhichresultsofmovingofthebody・The
insecthastwofrontantennaewhichhavechemicalandtactilereceptorslthasin
additiontwoantennaeintherear（cerci）ｗｉｔｈchemicalandtactilesensoreach,too・
Themouthhastactileandchemicalsensorandcanopenandclose
Theinsectissemithree-dimensional､Ｉｔｃａｎｆａｌｌｄｏｗｎｉｆｉｔｓｃｅｎｔｅｒｏｆｇｒａｖitymoves
outsidethepolygondefinｅｄｂｙｔｈｅｌｅｇｓｗｈｉｃｈａｒｅｄｏｗｎ・Ifsuchaconditionexistsfor
morethａｎｌＯＯｍｓｔｈｅｉｎｓｅｃｔｆａｌｌｓｄｏｗｎａｎｄｔｈｅｌｅｇｓｃａｎｎotmoveanymore．
4.2Nervoussystem
ThemodelofthenervoussystemcontrollingtheobjectiｓｓｈｏｗｎｉｎＦｉｇ６・Ithas
about90neuronswithmorethan380connections・Thenervoussystemconsistsof
severalneuralcircuits,calledcontrollers･Thecontrollersareinterconnectedinsucha
waythataconflictingactioncannotoccurThebehavioralorganizationoftheobject
isshowninFig5・Theellipsesrepresentbehaviors,ｔｈｅｓｅnsorystimuliareshownas
boxes・Theinteractionsbetweenthecomponentsareexcitatoryandinhibitoryconnec
tionsForsimplicitytheantennasensorboxesarenotgivenseparatelyfortherearand
frontantennae・Thediagramrepresentsthehierarchybetweenthedifferentbehaviors・
Forexampletheedge-followingprecedesoverwandering,andfeedingtakeprecedence
overedge-followingThesensorysignalstriggeroneorotherbehaviorandwhenever
Mouth
tactile
sensor
晩eding
consumatory
controller
Mouth
chemical
sen80r
Fbeding
arousal
Energy
level
senSOr
Fbeding
appetitive
controUer
９
Antenna
chemical
sensor
Edge
fbUowing
controller
Antenna
tactile
gensor
③Inhibitory
OExcitatory
Wandering
controller
Ｆｉｇ．５Thebehavioralorganizationoftheinsect
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ahigherorderbehavioristriggereditsuppresseslowerorderbehaviorsHowever,the
behavioraldiagramisnotstrictlyhierarchicaLWhenthefeedingnormallytakes
precedenceovertheedge-followingthisprecedencereverseswhenanobstaclebetween
thefOodpatchandtheinsectisdetected・Ｉｎｓuchcasetheinsectshouldfollowthｅｅｄｇｅ
ｏｆｔｈｅｏｂｓｔａｃｌｅｔｒｙｉｎｇｔｏｇｅｔａｒｏｕｎｄｉｔａｎｄｒｉｃｈｔｈｅｆｏｏｄＴｈｅｌｉｓｔｏｆthecontrollers
employedinthenervoussystemofthesimulatedobjectisshowninTablel．
①Inhibitory
oEXcitatory
Fig.６Themodelednervoussystem．
TablelListofthecontrollers
ControllernameMemberneurons
Locomotion
controller
Pが(Pacemakerが),ノーＬ,Ｒ;ノー1,2,3
Legfj
controller
stance,Foot,Swing,Ｐｶﾞ,ＬＣＳ(ＬｅｇＣｏｍｍａｎｄＳ１ｏｗ),ＬＣＦ(LegCommandFast)，
ＢＡＳ(BackwardAngleSensorLFAS(ForwardAngleSensor）
Wandering
controller
RBL(RandomBursterOeft)),ＲＢ庇(RandomBurster(right),ＲＴ(RightTurn)，
ＬＴ(LeftTurn),ＬERI,LateralExtensor(frontlegRight),LEL，
Appetitive
controller
LOS(LeftOdorStrength),ＲOS,ＡＣＳ(AntennaChemicalSensor）
ＬＴ,ＲＴ,ＳＣ(SearchCommand),ＦＡ(FeedingArousal),ＥＳ(Energysensor),ＦＯ
(FollowingOdor),ＮＷＣ(NonwanderingCommand）
Consumatory ＭＴＳ(MouthTactileSensor),ＭＣＳ(MouthChemicalSensor）
EＰ（FoodPresent)，ＣＣ（ConsumatoryCommand)，ＳＣ,ＮＦＣ（NonFollowing
Command),ＮＷＣ,ＬＣＥＢＰ(BitePacemaker),ＭＯ(Mouthopen),ＰＯＲ(Follow‐
ingOdorRight),FOL,ＦＯＭＣ(FollowingOdorMotorCommand),ＦＲ,ＦＬ,ＮＦＣ
Edge
following
controller
NFC,ＡＴＳ(AntennaTactileSensor),(CoRner),ＦＬ,ＦＲ,ＨＬＨＲ,ＬＬ,ＬＲ,ＱＲ，
ＱＬＬＴ,ＲＴ,ＬＥ砲,LEL2,ＮＷＣ
Recoil
controller
ATS,AR,AL,BR,BL,CR,DR,DL,ER,ELBC,LT
ValeriKroumov・JianliYu356
Whatthesimulatedinsectactuallydoes？Thesimpleanswertothisquestionisthat
itexplorestheenvironment-afundamentalcharacteristicoflivingorganisms・How
theexplorationisrealized?Torealizethischaracteristicfirstofalltheobjectshould
beabletowalkThelocomotioncontrollertakeschreofthewalkingprocessbutitis
designedonlyforstraight-linewalkinglnordertoexploretheinsectmustbeableto
turnTheturningisaccomplishedbychangeinthelateralforces,whichthefrontlegs
apply､TheneuronsLELlandLE庇,,ｅｘｉｔｅｄｂｙＲＴ(forrightturn)ａｎｄＬＴ(forleftturn)，
controlthelateralextensionsofthefrontlegsWhichresultsinturninginoneorother
direction・ＲＴａｎｄＬＴｉｎｈｉｂｉｔｅａｃｈｏｔｈｅｒｓｏｔｈａｔｏnlyturninonedirectionispossible
Theexploratorybehaviorisabilitytowander・Ａｆｔｅｒｔｈｅｉｎｓｅｃｔｉｓａｂｌｅｔｏｔｕｒｎｔｈｅ
ｒealizationofthewanderingwasrealizedusingtwopacemakers-likeneuronswhich
haveintrinsiccurrentspullingtｈｅｍｅｍｂｒａｎｅｐｏｔｅｎｔｉａｌｏｆＬＴａｎｄＲＴｌｏwandhigh
randomly・
Inentirelyemptyenvironmentthewanderingcontrollerwouldbesufficientto
explore,butwhenthereexistsomeobstaclesandtheinsectcollidethenastrategｙｆｏｒ
ｍｏｖｉｎｇａwayfromobstaclesmustbeemployedThisissolvedbytherecoilcontroller
(seeTablel).Intheprocessofrecoil,theinsectturnsawayfromtheobstacleifalight
glanceoftheantennaisdetected,ａｎｄｉｔｂａｃｋｓｕｐａｎｄｔｕｒｎｓｉｆａｄｉｒｅｃｔｃollisionoccurs・
Thisbehaviorhelpstoavoidrepeatedcollisionswiththesameobject・
ThestrategytoavoidobstaclesdoesnotincludeonlytherecoiLAstrategytofollow
isemployed,toolftheinsectcontactswithsomeotherobjectitcanorientitsbody
paralleltotheobjectandtrytofollowitsedgeEmployingofsuchstrategyallowsto
modelmorerealisticbehaviorandismoresuitableforcomplexenvironmentthanthe
recoiLInfacttherecoilcontrollerworksonlyofadirectcollisionisdetected
Thefeedingisagoodexampleforgoalorientedbehavior・Thefeedingisseparated
intwopartｓＴｈｅｆｉｒｓｔｏｎｅｉｓｔｈｅｃＺｐＰｅ鮒zﾉCCC"加比γ，ａｎｄｔｈｅｓｅｃｏｎｄｏｎｅｉｓｔｈｅ
ｃｏ"s",ＯＭＤＤノCO"伽ﾉﾉCγ・Theformeroneisresponsibletoturｎｔｈｅｉｎｓｅｃｔｔｏｗａｒｄｔｈｅ
ｆｏｏｄｐａｔｃｈｗｈentheantennaechemicalsensorsdetectapresenceofodor,andwhenthe
remainingamountofenergyissmallAftertheappetitivecontrollerhasorientedthe
agenttowardthefoodpatchtheconsumatorycontrolleristriggered・Theconsumatory
actionconsistsofrepeatedlybitinguntilsufficientamountｏｆｆｏｏｔｈａｓｂｅｅｎｓｗａｌｌｏｗｅｄ
4.3Simulationenvironment
ThesimulationwaswrittenentirelyinC+＋languageandwasrunonapersonal
computerunderMS-DOSoperatingsystem・Thesimulationprogramwasdesignedto
allowsettingoftheparametersｏｆｅｖｅｒｙｎｅｕｒｏｎａｓｗｅｌｌｃｈａｎｇｉｎｇｏｆｔhesurrounding
environmentforthedesignedinsect・AtypicalenvironmentisshowninFigure7・The
simulationisdesigneduponthefollowingassumptions：
１.thevelocityofanobjectisdirectlyproportionaltotheforceappliedtoitand
inverselyproportionaltoitsmass(ＦＯＣ”")；
２.rotationalvelocityisdirectlyproportionaltothetorqueappliedtoanobjectand
inverselyproportionaltoitsinertia（ＴＯＣん)；
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Fig.７ Asimulationenvironment:theeUipsesrepresentfoodpatches;therearethreeblocksatthe
leftsideforminganobstacleTheinsectfollowstheobstacleedge．
３.thespaceiscontinuous,butthetimeisdiscrete
TheenvironmentisenclosedbywallsRectangulａｒｂｌｏｃｋｓｃａｎｂｅｐｌａｃｅｄａｎｄｃａｎｂｅ
ａｒｒangedinanydesiredshapeTheenvironmentcancontaincircularpatcheｓｏｆｆｏｏｄ・
Themovingobjectcancollidewiththewallsandtheblocks・Itdoesnotcollidewith
theｆｏｏｄpatchesinthepresentsimulation・Thefoodpatcheshasodorwhichis
proportionaltotheamountofthefoodunitscontainedwithinapatch・Theodors
diffusethroughtheenvironmentanddecreaseastheinversesquareofthedistance
fromthefoodpatchTheblocksdonotmoveifacollisionoccurs．
4.4Simulationresults
Thesimulatedinsectpossessesanumberofcharacteristicswhichareverysimilarto
theseofnaturalanimalsThesesimilarityinthebehaviorcanbesimplydescribedas
follows：
・Locomotion:therunningpatternsoftheinsectareverysimilartorealinsects・Ｆｏｒ
example,whenitmovesslowlythewalkingpatternisametachronicalwave,ｂｕｔ
ｉｔｃｈａｎｇｅｓｔｏａｔｒｉｐｏｄｇａｔｅａｓｔｈｅspeedincreases．
・Wandering:ifthereisnoobstacledetectedtheinsectwanders．
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･Edge-following:ifsomeobstacleisdetectedtheinsectwillorientateitsbodytothe
edｇｅａｎｄｔｒｙｔｏｆｏｌｌｏｗｉｔ．
･Iftheinsectlosescontactwiththeobstacleedgeitwilltrytoestabliｓｈｔｈｅｃｏｎｔａｃｔ
ｆｏｒａｗｈｉｌｅａｎｄｉｆｔｈｉｓｆａｉｌｓｉｔｗｉｌｌｇｉｖｅ－ｕｐａｎｄｓｔａｒｔｔｏｗａnder．
･Ｉｆｔｈｅｉｎｓｅｃｔｈａｓｆｅｄｉｔｗｉｌｌｂｅｎｏｔｉｎterestedinanyfoodencountered
･IfahungryinsectencountersanobsｔａｃｌｅｉｎｗａｙｔｏｔｈｅｆｏｏｄｉｔｗｉＵｔｒｙｔｏｆollow
itifonlytheobstacleissituatedbetweenthefoodandtheinsect．
・Robustness：ｗｈｅｎｔｈｅｉｎｓｅｃｔｌｏｓｅｓｓｏｍｅｏｆｉｔｓｌｅｇsitwinkeeprunninguntil
possible．
５Conclusions
lnthisstudyasimulatedinsectwasdevelopedwhosebehavioriscontrolledbya
heterogeneousnervoussystem,Ｔｈｅｉｎｓｅｃｔｃａｎ“wander，，，“followedges，，，“eat，，ｗｈｅｎ
get“hungry''一itcansynthesizebehavioraccordingtothechangingofitsinternaland
externalenvironment・Briefdescriptionoftheinsectwasgivenandsomesimulation
resultswereshown
ThepresentedinsectdoesnotbehaｖｅａｃｃｏｒｄｉｎｇｔｏｌＦ－ＴＨＥＮｒｕｌｅｓｌｔ“lives，'inan
environmentwhichmaychangedynamically，ａｎｄｉｎｗｈｉｃｈｔｈｅｉｎｓｅｃｔｍｕｓｔｍｏｖｅｉｔｓ
legs，feet，ａｎｄmouth，ｉｎａｐｐｒｏｐｒｉａｔｅｗａｙａｎｄｔｉｍｅｏｒｉｔｗｉｌｌｄｉｅＴｈｉｓｓtudyisan
attempttobuildanautonomousagentcapabletoadaptivelyadjustitsbehavior
accordingtothechanginginthesurroundingenvironment・Webelievethatthepresent
designcouldbewidelyappliedinthefieldofautomaticcontrolespeciallyfordesign
ofadaptivecontrolsystems、
Thedesigｎｗａｓｐｅｒｆｏｒｍｅｄｂｙｈａｎｄｗｈｉｃｈｍａｄｅｉｔverytimeconsuming・Ｏｎｅｏｆｔｈｅ
ｍａｉｎｔａｓｋｓｆｏｒｔｈｅｆｕｔｕｒｅｉstodevelopasystematicdesignmethodforanervous
systemlnordertoachievethistaskadetailedanalysismethodshavetobedeveloped
whichisadifficulttask-aheterogeneousneuralnetworkconsistsofelementshaving
intrinsicpropertiesandconnectedinanonuniformmanner・Numeroussimulations
mustbedoneinordertoexploretheabilityoftheinsecttoadapttotheenvironment，
andtoexploreitsrobustnesstotowarddegradationinthefunctionallityofseveral
controllers・
Thepresentedhereinsectdoesnotpossessanextremelyattractivecharacteristic：
theabilityto“learn，，，ｂｕｔｔｈｉｓｓｔｕｄｙｉｓｏｎｌｙａｆｉｒｓｔｓｔｅｐａｎdimplementinglearning
functionsｉｓｏｎｅｏｆｔｈｅｎｅａｒｆｕｔｕｒｅｇｏａｌｓ，Ahardwarerealizationoftheinsectis
planned，also・Ｗｅａｒｅｐｌａｎｎｉｎｇｔｏｉｍｐｌｅｍｅｎｔｔｈｅｄｅｖelopedsystemtocontrolun‐
mannedvehicleaswelLInthissimulationtheinsectiswithoutvisionsystem,ｂｕｔｉｎ
ｎｅａｒｆｕｔｕｒｅｉｔｗｉｌｌｂｅｎｅｃｅｓｓａrytobedesigned,too．
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